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By Sidney Thurston and Halph 3. Brunk 


SDMMAET 

As part of an investigation of the nature and distrihutlon of 
losses in a oonrpressor, the Reynolds number effect on the performance 
of a cascade of compressor blades was examined in an annular vortex- 
genaratlng t unn el over a range of Reynolds number from 50,000 to 
250,000 and at angles of attack of 15° and 25°. Tho mean radius 
section of the cascade showed a total-pressure deficiency, which could 
be expected from two-dimensional boundary-layer considerations, while 
the hub and tip sections showed no evidence of a critical Reynolds 
number within the range investigated. 

The ttrming angle showed no appreciable variation with change in 
Reynolds number for either of the angles of attack regardless of the 
spanwlse position of the meas\n*ing station. 


IHTRODUCTiaiT 

The low pressures attai ne d at high altitudes are known to have a 
detrimental effect on engine operation and to decrease the efficiency 
of the axial- flow compressor by a few percent (reference 1) . This 
effect has been attributed chiefly to the fact that at high altitudes 
the initial compressor stages operate at very low Reynolds numbers. 
Although some investigations of the effect of Reynolds number on 
compressor performance have been ccirried out, they are limited either 
to the two-dimensional type (reference 2) or to the investigation of 
the compressor as a whole (reference 1) . Recent inT’estigations of 
secondary flow (references 3 to 5), however, have shown that this type 
of flow may have considerable influence in blade passages. The viscous 
origin of the secondary flow makes it important to investigate the 
effects of Reynolds number in a three-dimensional configuration in a 
somewhat more detailed manner than has hitherto been done. 
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In order to determine the effect of Reynolds number in regions 
where secondary flows are likely to occur^ an investigation was con- 
ducted at the KACA Lewis laboratory to determined the distribution of 
losses downstream of a cascade of 65- (12)10 compressor blades 
(reference 6) over a range of Reynolds numbers. The tests were made at 
two angles of attack in an emnular vortex- generating tunnel. In order 
to isolate the Reynolds number effects, Mach number limits were 
maintained between 0.2 and 0.35. 

The blade inlet and outlet conditions are presented as plots of 
air angle distribution, total-pressure deficiency, and axial velocity . 
ratio. In addition; the wake profiles and pressure distributions for 
three stations along the blade span are shown. The data are supple- 
mented by visual flow studies of the boundary- layer flow path on the 
blade surface. 

Although the blading twist in the annular cascade was such as to 
simulate the flow in a stationary compressor row, the data reported 
herein do not give a completely accurate picture of flow in a 
compressor stator because the hub rotates in an actiaal confessor while 
it is stationary in the vortex tunnel. Another difference between the 
test t-unnel and an actual compressor is that the clearances between the 
blades and the bounding walls in a compressor stator row are located 
near the Imb while in the vortex tunnel they are near the casing. 

Since these differences may greatly influence the nature of the 
secondary flow, caution should be taken in any interpretation of the 
results obtained as applying to an actual compressor. However, because 
the investigation was carried out in a vortex- generating tunnel, where 
the flow more nearly corresponds to that in an actual compressor than 
does a two-dimensional cascade, the results obtained, although only 
qualitative, may be expected to Indicate the general trends of 
compressor performance. 


APPARATUS AML PROCEDURE 
Tunnel 

The inlet system for the annular tunnel used in this investigation 
consisted of an atmospheric air inlet, a flat plate orifice, a plenum 
tank, and throttle valves. After passing through the throttle valves, 
the air is deflected radially outward (see fig. 1) in the collector to 
turn 180° and pass radially inward into the nozzle section. After 
passing through the straightening vanes at the entrance to the nozzle 
section the air is given a constant prerotation by a set of airfoil- 
shaped guide vanes, desieied according to ^ta_^_r^erence 7* The 
angular orientation of these guide vanes is adjusted by a series of 
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linJcages allowing all the blades to be set with one control arm. The 
air then progresses in a spiral pattem around the 90° bend in the 
nozzle section past the suction slots, where boundary layer built up in 
the nozzle is removed at both the inner and outer walls. After passing 
through the test section the air enters a collector from which it is 
dra-wn into the laboratory exhaust system through two throttle valves. 

The blade wheel, the rim of which comprises part of the inner 
annulus wall at the test section, is mounted on bearings and arranged 
so that it can be positioned circumferentially with respect to the 
stationary instruments mounted in the casing. The test-section radial 
passage hei^t is 3.5 inches, with an inner diameter of 20 inches and 
and outer diameter of 27 Inches. The blade clearance, which is the 
distance between the blade tip and the outer annulus wall, was 
0.015 inch. 


Test Grid 

The test grid consisted of fifty 65-(l2)l0 compressor blades each 

having an l^inch chord and a 3.5-inch span with solidities varying 

from 0.885 at the tip to 1.192 at the hub. The blades were designed to 
subtract a vortex from the entering vortex conditions at a stagger 
angle of 45° and an angle of attack of 15° at the mean radius. The 
design was based on the two-dimensional cascade data of reference 6. 


Instrumentation 

The total wei^t flow of the air passing into the tunnel was 
measirred by means of a flat plate orifice according to specifications 
of reference 8. The amount of air removed through the suction slots 
was measured by means of a submerged flat plate orifice. 

The instrumentation to determine the tunnel performance and inlet 
conditions to the cascade was located one-half chord upstream of the 
blade row as Indicated in figure 1. Two pitot-static tubes and two 
claw- type yaw tubes were mounted on the outer casing in radially 
traversing mounts. The Instiumaits were all mounted on the upper half 
of the casing. In addition, static-pressure cxriflces were located 
at this station on both the inner and outer annulus walls and total- 
temperature measurements were made by means of a thermocouple. 

At the outlet measuring station located one-half chord length 
downstream of the blades (see fig. 1), two claw- type yaw tubes with 
integral total-pressure tubes and two C type static wedge probes were 
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mounted on the outer casing in radially traveraing mounts. In addition, ^ 

three total-pressure rahes consisting of fifteen tubes each spaced l/s 
inch apart curved to their respective radii were fixed on the outer 
casing at locations corresponding to mean radius, I/2 inch from the huh 
and 1/2 inch from the tip. The C type static pressure probes and total- 
pressure rakes were similar in construction to those described in 
reference 9, The orientation of the pitot- static tubes and the claw- 
type yaw tubes was established by the null method. The plane of 
measurement of the orifices of the rakes was one-half chord downstream 
of the blades. The angle of each tube of the rake was adjusted to meet 
the air when the angle of attack of the blades was changed. 

Static -pres stire orifices were installed along the blade surface in 
four of the test blades at three radial locations corresponding to I/2 
inch from the tip, mean radius, and 1/2 inch from the hub. Fifteen 
orifices were installed at each blade section as shown in figure 2. 

The pressure and suction surface measurements were made in the same 
passage, Chordwise locations of the statlc-pressurV'OT^ were 
leading edge, 5, 10, 2D, 40, 60, 80, and 90 percent chord for both the 
suction and the pressure siurfaces of the blade. 


Test Procedure 

Tests were made over a ran^ of Eemolds numbers at angles of 
attack at the mean radius of 15° and 25° within Mach number limits of 
from 0,20 to 0,35, Eadial static pressure, total-pressure, and air- 
angle surveys were made at the inlet station. These inlet survey 
measurements were made at 17 radial positions across the 3i-lnch 
passage , ^ 

At the outlet station, both radial and clrcumferentleil surveys were 
made. The circumferential surveys were made by rotating the blades 
past the measuring instruments through the 7.2° angular displacement 
between blades and taking readings every 1/2°. This procedure was 
repeated at nine radial locations across the annulus. 

At the outlet radial positions, 1/2 inch from the hub, mean 
radius, and I/2 inch from the tip, more complete total-pressure 
measurements were made by means of three rakes, one at each position. 
Simultaneous readings of the wake data were taken by photographing a 
manometer board. In order to obtain readings at points between the 
rake tubes spaced I/8 inch apart, the blades were rotated past the 
tubes in increments of l/4° and photographs taken of the manometer 
board at each position. 
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Because the flow was fairly uniform, throu^ the passage, the 
outlet air angles were determined hy averaging arithmetically the 
angles determined by the circumferential surveys. The angle variation 
across the blade wakes was not considered in this average. 

In order to discern circumferential variations, duplicate sets of 
instruments were provided at each axial station. However, preliminary 
measurements made at different circumferential positions showed that 
such variations were small. Some measurements were made to con 5 )are the 
rake data with the point-to-point survey measurements. These measure- 
ments were also found to be in close agreement except at very lew 
Eejnolds numibers. At these low Eeynolds numbers, small variations in 
test conditions which occxirred while the measxrrements were being made 
caused an appreciable change in the pressures. Therefore, the rake 
readings are accepted as more nearly representative of the true values, 
since the time element involved is veiy small as compared with the time 
involved in making point-to-point measurements. 


Visual Flow Tests 

Visual flow tests were made to determine the direction of boundary- 
layer flow along the blade surface. The technique used was based on the 
chemical reaction of hydrogen sulfide gas with white lead to produce a 
dark brown stain. Bydrogen sulfide was selected over other reagents 
because it has substantially the same molecular weight as air (34) and 
thus mixes with air rather slowly. The test blades were coated with a 
thin layer of white lead and the gas was injected through the static 
pressure orifice at the 10-percent- chord point of the blade at each 
radial station. Traces were obtained for both the pressure and suction 
sinrfaces at each of the three radial locations for blade Eeynolds 
numbers of 50,000 and 125,000 at an angle of attack of 25° at the 
mean radius. 


Turbulence Measurements 

Measurements of the intensity of turbulence were made in the 
tunnel upstream of the blade rows by use of a hot-wire anemometer 
system designed at the Lewis laboratory. The measurements indicated 
that the intensity, which varied with the noise level in the tunnel and 
surrounding areas, was never lower than 1 percent. 


' Accuracy of Measurement 

The pitot-static tube used for upstream surveys, the C type static 
tube used for downstream storveys, and the claw- type yaw tubes were 
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calibrated In a steady flow turmel. On the basis of this calibration, 
the accuracy of measurement for these tests is estimated as follows 
(all symbols are defined in appendix A): 

p ±0.1 inch water 

Pij ±0.1 inch water 

Angle ^.0<^ 


PERFORMACfCE AHD RESULTS 
General Performance 

The performance of the annular vortex- generating tunnel is shown 
in figures 3 and 4. These data were taken at the cascade inlet 
meastiring station located one-half chord length upstream of the stator 
blade row, over the range of Reynolds numbers from approximately 40,000 
to 290,000 for an inlet air angle at mean radius of 45°. 

The radial distribution of air angle across the passage is shown 
in figure 3 . The dashed curve shows the air angle distribution that 
would be required for design oondltlons of free vortex based on an air 
angle of 45° at the mean radius. The experimental results show a 
deviation of 0.7° to 2.5° below design at the hub measiirlng station, 

1/2 inch from the hub, and 0.6° to 1.2° above design at the tip 
measuring station, located I /2 inch from the casing. As the angle of 
attack of the teat blades was set on the basis of the iifLet air angle 
distribution which is shown by the dashed line, the angle of attack of 
the test blades was 0.7° to 1.2° higher at the tip measuring station 
and 0.6° to 2.5° lower at. the hub measuring station. This result would 
be expected to give a turning angle which is greater than design at the 
tip station and less than design at the. hub station. However, since 
these angles of attack were reasonably close to the design angles the 
blades could not be expected to stall because of these small 
differences. Figure 3 also shows that the variation of Reynolds number 
has no appreciable effect on the distribution of inlet air angle. In 
figure 4(a) the ratio of moment of momentum to its maximum value 
measiired across the passage is plotted against the radial passage 
distance. The ratio of axial velocity to its maximum value measiuced 
across the passage is plotted against the radial passage distance as 
shown in figure 4(b). A total-pressure loss parameter APrp is 

shown in figure 4(c). These plots can be used as a measure^ of the 
deviations from free, vortex conditions. For a free vortex, 

l/^^W, liyimr unity and 

be zero. 


should 
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The performance of the tunnel, althou^ cLeTiatlng from, true free 
vortex conditions, is typical of wiiat may be es^pected in a three- 
dimensional configuration. The largest deviations occur near the 
bounding walls. Outside these regions the flow approaches very nearly 
the true free vortex condition. As in figure 3, the parameters plotted 
in figure 4 remained nearly the same for all Eeynolds numbers 
investigated. 


CO 

tn 

o> 


Cascade Performance 

In figures 5 and 6, the performance of the cascade is shown at the 
outlet meas\jring station, one-half-chord downstream, with angles of 
attack at the mean radius of 15° and 25°, respectively. The measxired 
turning angle and the design turning angle adjusted so as to coincide 
with the measured turning at the mean radius are shown in figure 5. 

The deviations from the angle distribution required for design 
conditions indicate that there is a definite undertumlng of the air at 
the hub measuring station and that two-dimensional cascade data cannot 
be directly applied to a three-dimensional configuration without con- 
sideration of the regions adjacent to the bounding walls. The slightly 
greater- than- design angle of attack at the tip position should tend to 
cause a slight overturning while the less-than-deslgn angle of attack 
at the hub station should cause a slight underturning. Although the 
underturning at the hub is actually indicated in figure 5, the magnitude 
of this undertuming is much greater than can be explained by the 
subtly decreased angle of attack. This phenomenon of undertuming 
in the vicinity of confining walls has been accounted for in the 
literat\nre as secondary flow (see, for instance, reference 3). 

The performance parameters Y_ o/V „ and AP_ _ at the 

^ jntvT T,2 

outlet station are shown in figure 6. The measurements plotted in this 
figure were made along a radial line at half the circumferential 
spacing between the blades. This figure indicates that a total- 
press^nre and axial velocity deficiency (when compared with the maximum 
values at this measuring station) occurs near the hub and casing. This 
deficiency is particularly large near the hub for both 15° and 25° 
angles of attack at the mean radius. Figure 6 also Indicates that at 
this position in the center of the blade passage (on the nearly radial 
line midway between two blades) the effect of Eeynolds number on the 
axial velocity ratio and AP^, g ^°'*' appreciable. 


Effect of Eeynolds E'umber on Turning 

In figure 7 the turning angles at the three measuring stations 
across the blade are plotted against Eeynolds number for design angles 
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of attack of 15° and 25° at the mean radius. With decreasing Reynolds 
nramber^ no apparent change in turning is indicated beyond the scatter 
of the data at the hub measuring station. At the mean radius and tip 
measuring stations a very slight decrease of turning angle with a 
decrease in Reynolds number may take place; however, because of the 
large scatter of the data, this variation cannot be considered 
conclusive. 


Pressure Distributions 

Some typical pressure distributions obtained are shown in figures 
8(a) to 8(f). Figures 8(a) to 8(c) show the press^lre distribution for 
the hub, mean radius, and tip stations respectively for an angle of 
attack of 15° at Reynolds numbers of approximately 50,000 and 150,000. 
Figures 8(d) to 8(f) show the pressure distributions for an angle of 
attack of 25° presented in the same order. The variations in the form 
of the pressure distribution diagrams with Reynolds number is similar 
in trend to the variations shown in reference 10. ’ Sepaiation of the 
flow from the surface of the blade would be expected to be indicated on 
the pressure distribution diagrams by regions of approximately constant 
pressure as stated in this reference. In the results of this investi- 
gation, these regions of constant pressure may be obscured because of 
insufficient pressure orifices on the blade surface; sonie regions of 
constant pressure can, however, be noted for the diagrams obtained at 
the low Reynolds numbers. 


Wake Profiles 

Wake profiles obtained one-half- chca-d length downstream of the 
cascade are shown in figure 9. Figures 9(a) to 9(c) show the profiles 
for the hub, mean radius, and tip position for an angle of attack of 15° 
at Reynolds numbers of approximately 55,000 and 150,000. Profiles for 
an angle of attack of 25° are shown in figures 9(d) to 9(f) presented 
in the same order at Re 3 m.olds numbers of approximately 52,000 and 
193,000. Figu]re 9 shows that both at the hub and at the mean radius, 
the wakes behind the blades were well defined, while near the tip, the 
shape of the wake profiles is irregular and some total-pressure loss 
is Indicated over the whole blade spacing. This irregularity may have 
been due to the presence of tip clearance ttirough which flow from the 
pressure surface onto the suction surface of the blades must have taken 
place. Attention is called to the fact that the parameter AP^ 2 
not necessarily indicative of total-pressure loss across the cascade 
(from inlet to outlet), inasmuch as the total pressvcre at the inlet was 
not necessarily eg.ual to the maximum total pr.es.sure at toe outlet. Qhe 

parameter AP is used only to show the changes in the wake 
Tj2 
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characteristics in. terms of the conditions prevailing at any given 
measuring position. Similarly, the airea xmder the curves of figure 9 is 
indicative of total-pressure deficiency of one spacing at any given 
measuring position, hut not across the cascade. The area under the curve 
of figure 9 for the low Eeynolds number is larger than the area for the 
high Eeynolds number at the tip and mean radius. At the hub measuring 
station, however, the two areas are approximately the same. This 
condition is true for both angles of attack. 

In order to present the variation of this area with Eeynolds 
number, a total-pressure deficiency coefficient is used. This 
coefficient is defined as 

°PD - S 



and it represents a total-pressure loss for one spacing. The variation 
of the total-press'ure deficiency coefficient with Eeynolds number is 
shown in figure 10 for the hub, mean radius, and tip measuring stations 
at angles of attack of 15° and 25°. 

The variation of total-press'ure deficiency coefficient with 
Eeynolds number for an an^e of attack of 15° is considered first 
(fig. 10(a)). At the mean radius, a sudden increase in total-pressure 
deficiency coefficient is obtained at a Eeynolds number of approximately 
120,000 as the Eeynolds number is decreased. This behavior is as 
expected from two-dimensional boundary-layer considerations. With a 
decrease in Eeynolds number, more and more of the boundary layer on the 
blade surface becomes laminar and this laminar boundary layer is unable 
to sustain the press'ure gradient imposed on it. The Ee 3 m.olds number, 
at which the sudden increase in total-pressure deficiency coefficient 
is obtained at the mean radius, can be defined as the critical Eeynolds 
number of the blade section. 

No such marked distinction in the behavior of the total-pressure 
deficiency coefficient with variation of EeynaoldB number is obtained at 
either the hub or the tip measuring stations. At the hub measuring 
station, the total-pressure deficiency coefficient ranains essentially 
constant (the slight Tnaxirmim indicated is questionable because of the 
scatter of the data) in the Eeynolds number range investigated. 

At the tip measuring station the curve of total-pressure deficiency 
coefficient against Eesnuolds number shows a sli^t increase with 
Eeynolds number up to approximately 80,000, and beyond this point the 
value of the deficiency coefficient drops with further increase of 
Eeynolds number. The hipest values of total-pressure deficiency 
coefficient are obtained at the hub measuring station and the lowest at 
the mean radius. 
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The effects of changing the an^e of attack from 15° to 25° is 
shown in figure 10 (h). The curves obtained exhibit trends similar to 
those obtained at an angle of attack of 15°. A critical value of 
Reynolds number of approximately 145,000 is obtained at the mean radius 
station. Above this value the total-pressure deficiency coefficient is 
constant while below this value it Increases. 

The value of the coefficient at the hub station is again approxi- 
mately constant. At the tip measuring station, however, for an angle of 
attack of 25° no maximum value of the total -pressure deficiency 
coefficient was noted (in the range investigated). The total-pressure 
coefficient at this measuring station Increases continually with a 
decrease of Reynolds number. The sll^t tendency of the total-pressure 
deficiency coefficient to level off at a constant value at high Reynolds 
numbers cannot be considered conclusive because of the large scatter of 
the data. 

A comparison of the relative magnitudes of total-pressure 
deficiency coefficient for angles of attack of 15° and 25° (fig. 10) 
shows that the values of the coefficient at the angle of attack of 25° 
are consistently higher for each of the measuring stations. 


Visual Flow Studies 

An additional illustration of the flow processes is obtained by 
the visual flow studies. A typical set of results is shown in figure 11 
for Reynolds numbers of approximately 125,000 and 50,000 at an angle of 
attack of 25°. The directional characteristics of the traces is Tipward 
on the blade suction surface at the hub and mean radius stations and 
downward at the tip station. These traces essentially show the 
direction of the boundary-layer flow path along the blade surface. 
Application of these results to the discussion of total-pressiire 
deficiency coefficient indicates that there may be an effect caused by 
the upward deflected low-momentum air in the boundary layer at the 
central portion of the blade and the downward deflected low-momentum 
air at the tip region which would manifest itself at the point of 
measTirement one-half chcacd downstream. As the mean radius boundary- 
layer deflection is seen to progress upward with a decrease in Reynolds 
number while the tip station deflection remains the same, this effect, 
which would manifest Itself by increased total-pressure deficiences at 
the tip measuring station, is anticipated to increase with decreasing 
Reynolds nojmbers. This upward deflection of low momentum air may be the 
reason why total-pressure deficiency coefficient at the tip station 
continues to Increase with decreasing Reynolds number for angles of 
attack of both 15° and 25°. 
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SUMMAET OP EESULTS 

Th.e following results were obtained from, an investigation to 
determine the effects of Eeynolds number on a cascade of 65 -(12) 10 
blades in an annular vortex- generating tunnel^ at angles of attack of 
150 and 25° and Eeynolds number variation from approximately 50,000 
to 250,000: 

1. No appreciable variation in turning angle wit^ change in 
Eejrnolds number was noted at the hub, tip, or mean sections of the 
blade. 


2. No critical Eeynolds number was apparent within the range 
investigated at the hub and tip of the blade. At the mean radius, the 
behavior of the total-pressure deficiency coefficient is similar to 
what could be expected from two-dimensional boundary- layer 
considerations. 


Lewis Eli^t Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio 
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APPENDIX - SYMBOLS 

The following symbols are Tised in this report; 
total-pressure deficiency coefficient, i 
chord 

Mach mraiber 




1 (Pi'^'Ps) 

average dynamic head, -g g 


press^lre 


/ Vl ^ 


Pq *T + pR Q 

mean static pressure, 

^ P -P 

*^T VnnT 

local pressure loss coefficient^ j-yiuaj . — ^ 

pcvA ^T,maz " s 


Eeynolds number 
radius 


M- /m 


circumferential distance between two blades, 

50 

velocity 

angle of attack, angle between entering air and chord line of 
blade 


P air angle, angle between air direction and axial direction of 

tunnel 

9 turning angle, - Pg 

|i absolute viscosity 

p density 

Subscripts; 

a axial . 

L local 

m mean radius 

max maximum for line survey considered 
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s static 

T total 

■ff tangential 

1 inlet station * 

2 outlet station 
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Passage B 


Figure 2. - liocation of static- pressure holes. (Pressirre holes are 
located at 0, 5, 10^ 20, 40, 60, 80, and 90 percent chord.) 
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Distance rrom casing, in. 


(a) Angle of attack at mean radius, 15^. 


Figure 6. - Radial distribution at outlet of axial velocity 
- ratio and pres sure -loss coefficient. 















Pressixre distribution^ (Pj^ - ^m)/^ 
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Percent of chord 

(a) Hub; angle of attack at mean radius, 15°. 

Figure 8. - Pressure distribution around 65 -(12) 10 compressor 

blades. 
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(b) Mean radius; angle of attack at mean radius, 15^. 

Figure 8. - Continued. Pressure distribution around 65- ( 12) 10 

compressor blades. 
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(c) Tip; angle of attack at meein radius, 15°. 

Pigtire 8. - Continued. Pressiore distribution around. 65- ( 12) 10 

coiEgpressor blades. 
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(d) Hub; angle of attack at mean radius, 25^, 

Figure 8, - Continued. PreBsure distrxbution around 65- ( 12) 10 

compressor Td lades. 
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(e) Mean radius; angle of attack at mean radius, 25°. 

Figure 8. - Continued. Pressure distribution around 65-(l2)l0 

compressor blades. 
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(f) Tipj angle of attack at mean radius, 25°. 

Figure 8. - Concluded.. Pressure distribution around 65-(l2)l0 

compressure blades. 
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(b) Mean radiua} angle of attack at inean radius, 15®. 

Figure 9. - Wake profile downstream of 65-( 12)10 compreBior blade. 
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(d) Hub) angle of attack at mean radius j 25^. 


Figure 9, - Continued. Wolca profile downs trearo of 65 -(12)10 compressor blade. 
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(f) Tip; angle of attack at mean 
. “ Concluded . . Wake profile downstream of 


radius , 25® ■ 

65-(X2)lO ccmpreesor blade. 


Figure 9 
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Suction surface 


Pressure surface 
(b) Reynolds number, 50,000. 


Figure 11. - Concluded. Diagram of chemically obtained traces on blade surfaces 
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